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ABSTRACT 
 
JOCELYN M. BEVILLE:  3D Cephalometric Analysis of Bone Anchored Maxillary 
Protraction in Growing Class III Patients 
(Under the direction of Dr. Lucia Cevidanes) 
 
OBJECTIVES: To evaluate the treatment changes produced by bone anchored maxillary 
protraction (BAMP) on growing Class III patients using 3D cephalometric measurements.  
METHODS: CBCT scans were taken before and after treatment on 30 consecutive patients. 
Dolphin Imaging software was used to calculate linear, angular, and airway measurements. 
The intraclass correlation coefficient was used to test landmark reliability. One-sample t-tests 
and Pearson correlations were used to evaluate the treatment changes. RESULTS:  The 
maxillary bone orthopedic effects are coupled with forward growth and response to treatment 
at zygomatic landmarks. Mandibular changes showed statistically significant closure of the 
mandibular plane angle bilaterally. Although this study sample presented significant 
mandibular growth restraint, the airway volume with growth and treatment was significantly 
increased.  CONCLUSIONS: Short term assessment of 3D cephalometric changes with 
BAMP clearly demonstrated a combination of different skeletal components of midface 
protraction and mandibular growth restraint without negative effects on airway dimensions. 
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I  LITERATURE REVIEW 
 
Skeletal Class III Malocclusion 
 
People of European descent have a prevalence of Class III malocclusion ranging 
between 1-3% in the U.S. population (1). Those of Asian ancestry have an even higher 
prevalence reported to be as high as 14% in certain countries (2).  Many studies have found 
that Class III malocclusion is a combination of maxillary retrognathia, mandibular prognathia 
or both. Additionally, negative dentoalveolar compensations have been noted in these 
patients. One study found that maxillary retrusion was the key component associated with the 
malocclusion while a much smaller percentage was associated solely with mandibular 
prognathia (3).  Therefore we can surmise that skeletal class III malocclusion is a multi-
faceted problem, but a main component of treatment for these patients can be focused on 
maxillary deficiency. 
 
Current Treatment Options for Class III Patients 
 
Treatment timing for patients with this skeletal discrepancy has proven to be difficult 
due to the fact that the extent and duration of Class III growth is difficult to reliably predict.  
One of the most popular treatment choices for the growing patient includes the usage of 
reverse pull headgear (RPHG) with or without maxillary expansion to protract the maxilla. 
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Furthermore, treatment with a chin-cup to restrain or redirect mandibular growth is a 
modality utilized by some clinicians for patients who present with mandibular prognathism. 
Non-growing patients or growing patients with severe skeletal discrepancies have the option 
of orthognathic surgery to correct their skeletal discrepancies. Surgical treatment includes a 
maxillary Lefort I advancement, a mandibular setback, or a combination of the two. 
Additionally, Class III camouflage is available for those who are non-growing and whose 
skeletal discrepancy is mild enough to be masked with the extraction of teeth. The presence 
of crowding in these types of cases complicates the extraction pattern more, and potentially 
lessens the extent of the camouflage.  
 
Reverse Pull Headgear and Chin Cup Therapy 
 
Treatment with the use of reverse-pull headgear can result in not only skeletal change 
to the maxilla, but also  unwanted dentoalveolar effects on the dentition resulting in 
proclination of the upper incisors and retroclination of the lower incisors, as well as a 
clockwise rotation of the mandible (4-8). These undesirable effects must then be corrected 
during fixed appliance therapy to decompensate the teeth. A down and back rotation of the 
mandible may be acceptable in a patient with a short anterior face height, but would prove to 
be an un-esthetic result in a patient with a vertical pattern of growth.  
In order for the skeletal changes associated with RPHG to be effective, patient 
compliance and cooperation during the active phase of treatment is imperative. Patients are 
required to wear a cumbersome facemask utilizing an intraoral device to which the elastic 
force is attached for 12-16 hours/day for up to one year. Treatment is generally discontinued 
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once positive overjet is obtained, however; upon completion of growth, many studies have 
documented a high potential for dental relapse ranging from 25-33% (9-11).  Any treatment 
that would maximize the amount of skeletal improvement, and limit the amount of 
dentoalveolar changes during active therapy would be advantageous for these patients. 
Furthermore, the need for surgical intervention once growth has ceased could potentially be 
avoided if skeletal growth modification is successful at this stage. 
 
Treatment Timing 
 
 
Maxillary protraction should be initiated during the peak of maxillary growth in order 
to obtain the sought after skeletal change (12, 13).  One study reported that the peak rate of 
growth in the maxilla occurred between the ages of 6 and 8 with small increments of growth 
occurring thereafter until puberty (14).  Furthermore, closure of the circum-maxillary sutures 
occurs at an early age, and this must also be taken into consideration when investigating the 
best timing of treatment.  Wells and Proffit state that clinicians should initiate treatment by 
the age of 10, but ideally before age 8 (15).  Their retrospective study followed 41 patients 
utilizing protraction facemask with a 5 and 10 year follow-up. They reported that patients 
treated before 7.92 years of age had less than 20% long tern failure rates while those treated 
after 10.25 years of age had double the amount of failures. Other studies support the earlier 
treatment timing for maxillary protraction in combination with rapid maxillary expansion to 
help “loosen” the sutures and aid in displacement of the maxilla (16).  One study evaluated 
three separate age groups (between the ages of 4 and 14) and showed that the 4-7 year old 
age group displayed the greatest amount of treatment change (17).  In support of this finding, 
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Saadia showed greater skeletal changes in the group of 3-9 year olds vs. the older group of 9-
12 year olds (18).     
However, Merwin showed that maxillary protraction can be completed at a later stage 
of development (19).  Similar findings were reported by Takada who found successful RPHG 
and chin cup therapy throughout puberty (20).  Cha looked at pre-, peri-, and post-pubertal 
patients and found that there was no difference in maxillary protraction amongst patients in 
the pre- and peri-pubertal age groups. In the post-pubertal group, he noted that more 
dentoalveolar compensation and less skeletal change occurred (21).  Baik reported clinical 
findings in Korean children who underwent maxillary protraction growth modification, and 
reported no difference in outcomes amongst the three age groups (22).  Thus, it is a 
noteworthy conclusion that maxillary protraction can be effective after age 10, but that more 
dentoalveolar and less skeletal change might ensue.  
 
Skeletal Anchorage 
 
Through the use of skeletal anchorage, many orthodontic movements are possible. 
Use of surgical miniplates as skeletal anchorage is frequently reported in the literature, but 
these uses have been exclusively for dental movement (23-26). In 2003, use of titanium 
miniplates for maxillary protraction was reported in the literature (27). The bone anchored 
maxillary protraction protocol included the usage of four Bollard style modified miniplates 
attached to the zygomatic buttress of the maxilla and between the mandibular canines and 
lateral incisors. Elastics with a Class III force vector are secured between the upper and lower 
miniplates by attachments that perforate the mucogingival junction. Patients are instructed to 
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wear the elastics for twenty-four hours per day, and replace them with new ones once per 
day. The initial force level begins at 100 g three weeks after miniplate placement and 
continues up to 250 g of force at the third month of therapy. Active treatment was continued 
for approximately one year in these 10-13 year old patients. The successful correction of 
Class III malocclusion has led to widespread interest in exploring the long-term stability of 
the correction achieved for these patients. Additionally, the success rate with these miniplates 
for the BAMP protocol is reported to be 97%. Successful stability seems to be dependent 
upon proper pre-surgical patient counseling, minimally invasive surgery, good post-surgical 
instructions, and orthodontic follow-up (28).  
 
Two-Dimensional Analysis of Bone Anchored Maxillary Protraction 
 
Treatment with the BAMP protocol has been studied in two dimensions. DeClerck 
evaluated 21 consecutively treated BAMP patients and matched them to 18 untreated Class 
III patients based on the severity of Class III malocclusion, age, gender, and duration of 
observation (29). The study showed that BAMP produced significant orthopedic maxillary 
protraction as well as mandibular restraint when compared to untreated Class III patients. 
Furthermore, the authors reported a decrease in the mandibular plane angle, and 
decompensation of the lower incisors following BAMP treatment. Additionally, the treatment 
effects of BAMP using thin-plate spline morphometric analysis revealed a marked forward 
displacement of the maxilla with more moderate favorable changes in the mandible, and no 
change in the vertical dimension (30).  
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In order to determine the effectiveness of BAMP vs. conventional Class III therapy, 
two protocols for maxillary protraction: bone anchors and face mask with rapid expansion 
were compared (31). The BAMP protocol produced significantly larger maxillary 
advancement than RME/FM therapy. Vertical changes were shown to be controlled better 
with BAMP than with RME/FM therapy. Additional findings with BAMP were lack of 
counterclockwise rotation of the mandible, lack of retroclination of the lower incisors, and a 
greater improvement in the sagittal intermaxillary relationships. 
Given the advantages of 3D over 2D radiographic imaging, a thorough assessment of 
BAMP treatment outcomes relating to soft tissue, skeletal, dental, and airway changes can be 
undertaken.  
 
Three-Dimensional Imaging with Cone-Beam Computed Tomography 
 
Traditionally, the 2D image has been the gold standard in orthodontic radiography to 
assess skeletal treatment changes. Inherent in 2D cephalometry are errors in superimposition, 
magnification, parallax, and head position. Due to this, it is extremely difficult to make 
accurate and precise measurements of three dimensional skeletal and dental landmarks on a 
two dimensional image. The diagnostic image is crucial for diagnosis, treatment planning, 
and evaluation of treatment changes produced by modalities such as BAMP and RPHG.  
In the area of 3D radiography, the use of Cone Beam Computed Tomography 
(CBCT) has provided clinicians with a more accurate image by which to complete a thorough 
diagnostic evaluation and the subsequent planning of treatment (32).  One of the major 
benefits of using CBCT is an anatomically precise representation of the craniofacial 
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structures. Additionally, magnification error does not exist, and the superimposition of 
structures is not an issue (33).  Furthermore, projection error which is common to 2D 
cephalometry is virtually eliminated with 3D CBCT due to the nature of the orthogonal 
projection and the correction of any small projection error with the scanner software (34). 
Another advantage of CBCT imaging is that traditional 2D images can be reconstructed from 
one 3D scan, thus removing the need for the usual panoramic and cephalometric projections 
common to orthodontics. These reconstructed images have proven to be comparable to their 
2D predecessors (35, 36).  
 
Three-Dimensional Landmark Identification 
 
Observer reliability of 3D cephalometric landmark identification on CBCTs was 
assessed in a previous study (37). Twelve pre-surgery CBCTs were selected from 159 
orthognathic surgery patients. The 30 hard and soft tissue landmarks were selected and 
criteria were defined for each of these landmarks. Three observers repeated the identification 
of the landmarks in the sagittal, coronal, and axial slices at three different instances. The 
results showed overall intra- and inter-observer reliability to be excellent and that 3D 
landmark identification using CBCT offered consistent and reproducible data if a protocol is 
followed.  
 
Evaluation of the Oropharyngeal Airway 
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With the use of the BAMP technique on growing class III patients, an interest in what 
happens to the upper airway has arisen. The main concern is with possible constriction of the 
upper airway during mandibular restraint caused by BAMP. Although one study did find an 
increase in the nasopharyngeal and oropharyngeal after use of RPHG (38), this study was 
conducted utilizing 2D cephalometric radiology.  Several authors concluded that CBCT is an 
effective method to analyze the airway accurately. Additionally, they found high variability 
in the airway of patients with similar airways on the lateral headfilm (39-41).  This leads us 
to believe that CBCT is currently the best way to assess any positive or negative changes 
caused by the BAMP technique. 
 One study evaluated oropharyngeal differences between children with class I and 
children with class III malocclusion (42). They found that children with class III 
malocclusion were subject to having a larger and flatter oropharyngeal airway. Another study 
evaluated the nasopharyngeal and oropharyngeal airway volume and shape in non-growing 
patients with different facial patterns (43). This study found that airway shape and volume 
vary amongst different anteroposterior jaw relationships, whereas airway shape differs with 
various vertical relationships. 
Anatomic limits of the oropharynx and nasopharynx widely vary from study to study. 
The superior limit of the nasopharynx ranges from the intersection of the line PNS-So 
(midpoint of the sella-basion line), and the posterior wall of the pharynx to the posterior nasal 
plane (frontal plane perpendicular to the FH place passing though PNS (41, 44-46). Several 
studies agree that the inferior limit of the nasopharynx is the palatal plane (ANS-PNS) 
extended to the posterior wall of the pharynx (41). The superior limit of the oropharynx is 
agreed to be the inferior limit of the oropharynx, and several studies agree that the inferior 
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limit is the horizontal line through the superior point of the epiglottis, although great 
variability exists among studies about this limit (41).  
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II INTRODUCTION 
 
 Class III malocclusion is one of the most difficult and challenging malocclusions for 
clinicians to treat due to the unpredictability of the Class III growth pattern – severity and 
completion of growth are often unknown. Limited and even short-lived success has been 
achieved with reverse-pull headgear (RPHG) with or without rapid palatal expansion and/or 
chin cup therapy in the early to mixed dentition (47). The main effects of these treatments 
were more  dentoalveolar than skeletal in nature, with a significant chance of relapse to 
reverse overjet once mandibular growth had ceased (5, 8, 48-51).The use of maxillary 
protraction via temporary anchorage devices has increased in recent years to obtain skeletal 
vs. dentoalveolar changes (52). The bone anchored maxillary protraction (BAMP) technique 
using miniplates and Class III intermaxillary elastics has proven to be a promising treatment 
modality for growing Class III patients in the late mixed to permanent dentition (27, 29, 31, 
53-58).   Skeletal, dental, and soft tissue effects of BAMP have been analyzed in two 
dimensional cephalometric analyses, and by three-dimensional color maps and surface 
distances (59). However, the surface distance color maps are very time consuming, and thus 
far have only been used for research purposes. The development of 3D cephalometry has 
proposed to be a more accurate method of analysis compared to 2D cephalometry (37, 60-
63). A 3D cephalometric analysis could prove to be more user-friendly and less time 
consuming for clinicians to operate versus other surface-based methods of 3D analysis. The 
purpose of this study was to evaluate and characterize the treatment effects of BAMP 
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utilizing a novel 3D cephalometric analysis. The specific aims were to evaluate 1) skeletal 
changes in the maxilla 2) dental and soft tissue changes, and 3) whether or not growth of the 
oropharyngeal airway space was restricted with BAMP treatment.  
 
 12 
 
 
 
III MATERIALS AND METHODS 
 
Subjects 
 This prospective sample consisted of 30 consecutively treated patients (16 females 
and 14 males) with an age range of 9-13 years (mean 11.1 ± 1.1 years).  All patients were of 
Caucasian decent, skeletal Class III (Wits appraisal of -1mm or greater) with overjet or 
incisor end-to-end relationship, and had a skeletal maturation stage of CVM1-3 at T1 (64).  
 
BAMP Protocol 
All patients had 4 miniplates placed on the right and left infrazygomatic crest of the 
maxillary buttress and between the mandibular left and right lateral incisor and canine. Each 
of the miniplates was secured to bone with 2 or 3 screws. Extensions of the miniplates 
perforated the attached gingiva near the mucogingival junction. Three weeks after surgery, 
the miniplates were loaded. Class III elastics were applied with an initial force of 150 
grams/side, and increased to a final force level of 250 grams/side. The patients were 
instructed to wear the elastics 24 hrs/day. In some cases, a removable bite plate was used to 
eliminate occlusal interferences in the incisor area (27).  
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3D Cephalometric Analysis 
CBCT scans were acquired in DICOM format using an iCAT machine (Imaging 
Sciences International, Hartsfield, PA) with a 40-second scan and a 16x22-cm field of view. 
The T1 (immediately after placement of the miniplates) and T2 (mean 1.1 years ± 1 month) 
cone beam scans were analyzed for these patients treated with the BAMP protocol. The 
cephalometric measurements selected were based on a previously described reference system 
traced through stable structures, and have been proven to be reliable (37). The 3D landmarks 
are defined on Table 1, and were identified for each time point (Figure 1). The AWS 
(anterior wall of sella) and CG (crista galli) landmarks were included in this study instead of 
Sella and Nasion. Sella and Nasion have historically been used in 2D cephalometry not 
because of their biologic significance, but for their easiness of identification. The use of 
AWS and CG landmarks in this study aimed to select stable landmarks as a reference relative 
to the cranial base. The ossification of crista galli and the anterior tip of the endocranial 
surface of the cribiform plate are almost complete at 2 years of age, and for this reason, the 
top of crista galli has been described as a stable anterior endocranial anatomic landmark in 
CT studies (65). Selection and definition of anatomic measurements (Table 2 and Figures 2 
and 3) aimed to describe maxillary and mandibular skeletal and dental changes, facial 
convexity, and airway measurements. The boundaries of the airway volume were determined 
superiorly by the extension of the palatal plane (PNS-ANS) to the posterior wall of the 
pharynx parallel to the posterior border of the vomer, and inferiorly by a horizontal plane 
from the superior surface of the epiglottis to the top of the 2
nd
 cervical vertebrae. All 3D 
linear, angular, area, and volume measurements were performed at each time point using 
Dolphin Imaging 11.5 (Dolphin Imaging and Management Systems, Chatsworth, CA).   
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Landmark Reliability 
The intraclass correlation analysis was used to assess the reliability of the landmark 
identification. Ten randomly selected T1 CBCT’s that were digitized on three occasions at 
one week intervals by the same observer (J.B.). The validity and reliability of the method as 
determined by previous studies proved to be acceptable (62).  
 
Statistical Analysis 
Descriptive statistics were calculated for all measures at T1 and T2. T1 and T2 
changes were assessed using mean, standard deviation, range, 95% confidence interval, and 
Pearson correlation coefficient. The power for this study was 81% with a two-sided 
significance level of 0.05, a standard deviation of 0.9 mm, and a sample size of 30 by using 
PROC POWER in SAS v.9.1 (SAS Institute Inc., Cary, NC). An exploratory cluster analysis, 
with the sample size of 30 and based on landmark coordinates at T1, was used to test 
variability of individual 3D facial morphology. This analysis proceeded by a series of steps 
in which each subject, characterized by the array of 3D landmarks, was progressively 
grouped together into a series of larger clusters. The Ward’s linkage and the Euclidean 
distance metric were used to cluster the subjects (66).  Individual subjects, therefore, were 
clustered together only if their component dimensions added the least to the variability within 
the group.  
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IV RESULTS 
 
 The Intraclass correlation coefficient (ICC) ranged from 0.88 to 0.99 for the intra-
observer reliability implying high intra-observer consistency for all 3D cephalometric 
measurements  
 
Maxillary Skeletal Changes 
The maxillary 3D linear measurements shown in Table 3 and Figures 5-6 revealed a 
statistically significant (p<0.00) increase in anterior-posterior dimensions of the maxilla, as 
measured mid-sagittally from the posterior nasal spine (PNS) or bilaterally from the right and 
left tuberosity to the anterior nasal spine (ANS) anteriorly. Significant forward growth and 
response to treatment was also measured from the anterior wall of sella to both ANS and to 
zygomatic landmarks bilaterally.  
 
Mandibular Skeletal Changes 
There was a statistically significant decrease in the rCo-rGo-Me and lCo-lGo-Me 
angles, with a 95% confidence interval of -3.06° to -0.4°, and -2.8° to -0.66°, p = 0.01 and p 
< 0.00, for right and left sides respectively. Corpus length and total mandibular length 
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increased bilaterally with growth and treatment (p < 0.00). Both the ramus height and the 
total anterior face height were also significantly increased at T2 (Table 3, Figures5-6).  
 
Facial Convexity 
There were statistically significant decreases in angular measurements for both hard 
tissue (CG-A-Pg) and soft tissue (Subn-UL-LL) respectively with a mean of -4.42° ± 3.24° 
and -7.18° ± 10.85° (Table 3).  
 
Dentoalveolar Changes 
No statistically significant dental compensations were observed for the upper and 
lower incisors, as measured by the T2 – T1 changes for PNS-ANS-rUIE and rGo-Me-rLIE 
and lGo-Me-lLIE (Table 3, Figures 5-6).  
 
Airway Changes 
Airway volume increased significantly an average of 1411.59 ± 2996.46 mm
3
. The 
area in the most constricted section of the airway increased slightly on average 13.11 ± 53.81 
mm
2
, but this increase was not statistically different at T2 compared to T1.  
Correlations between Changes in Different Anatomic Regions (Table 4) 
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Changes in AWS-CG-A and AWS-CG-B were highly positively correlated with each 
other (p < 0.00) and with rCo-rGo-Me, lCo-lGo-Me, PNS-ANS-rUIE, rGo-Me-rLIE, and 
lGo-Me-rLIE.  
 The minimum axial area of the airway was significantly positively correlated with the 
airway volume (p < 0.00). The increase in airway volume was highly correlated with the 
amount of protraction and growth response measured at AWS-rZS and AWS-lZS. 
 The results of the exploratory cluster analysis identified 4 subgroups of craniofacial 
morphology at T1 that are shown in Figure 4. 
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V  DISCUSSION 
 
 This study expanded the sample evaluated in prior 3D overall facial superimposition 
studies of BAMP (57, 58) and presented a more clinician-friendly method of assessment of 
treatment outcomes.  
Our results corroborated previous 3D BAMP assessments demonstrating favorable 
skeletal, dental, soft tissue, and airway treatment changes for the correction of maxillary 
deficiency and/or mandibular prognathism (57, 58).  
The use of CBCT in this study allowed for a three dimensional tracing with no bias of 
magnification and parallax as occurs in 2D cephalometry. The measurements taken were true 
3D linear and angular measurements. The 3D cephalometric analysis described in this study 
does not require construction of surface models, voxels, or surface-based 3D 
superimpositions and computation of closest corresponding surface distances (67). The 
proposed 3D landmarks’ reliability has been previously tested (37), and the addition of new 
landmarks in the search for 3D landmarks with greater biological meaning has shown very 
good to excellent reliability (ICC > 0.9). 
Three dimensional data on untreated controls are not currently available. For this reason, 
indirect discussions in this study refer to previously reported 2D cephalometric findings of 
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growth in Class III untreated controls (29) or treatment response with facemask (56). Two 
dimensional cephalometric data showed 4 mm of maxillary improvement with bone-
anchored maxillary protraction treatment, measured at A-point, when compared with the 
untreated controls (29).  
The skeletal midface changes observed in this study showed an average net maxillary 
growth of 2.2 mm measured midsagittally from PNS or bilaterally from the right and left 
tuberosity posteriorly to ANS anteriorly. Additionally, there was a significant average 2.2 
mm displacement of the right and left tuberosities relative to the anterior wall of sella, and an 
average increase of 2.74 mm in the distance AWS-ANS indicating a forward direction of 
growth and response to treatment of the maxilla. The previous 3D assessment of bone 
anchored maxillary protraction treatment using closest point surface distances reported 3.73 
mm of maxillary protraction (57). Those findings cannot be directly compared to our findings 
because they refer to maximum closest point displacement of the maxilla relative to the 
anterior cranial base superimposition (overall facial change). The findings reported in the 
present study refer to 3D inter-landmark distances and angles at specific locations. Our 
findings of significant changes in the zygomatico-maxillary suture landmarks and all 
maxillary landmarks relative to the anterior cranial base corroborate the findings reported 
with 3D color maps and indicate that the midface was displaced anteriorly as a unit (57).  
The A-P positions of the chin relative to the cranial base in this study did not present 
significant changes and was maintained with growth and response to BAMP treatment. 
Condylion-gnathion bilateral linear measurements showed less than a 2 mm increase, while a 
 20 
2D cephalometric study reported that a 3 mm increase in mandibular length per year may be 
expected in an untreated Class III population of the same age as the sample in our study (13).  
The present 3D cephalometry study showed slight but statistically significant closure of 
the gonial angle bilaterally, with counterclockwise rotation of the mandibular plane. These 
findings corroborate the previous study of 2D outcomes, while in untreated Class III subjects 
a clockwise rotation of the mandibular plane angle has been observed (29).  
Anterio-posterior changes in the position of the maxilla relative to the cranial base were 
significantly correlated to changes in the chin position. Both the maxillary and mandibular 
positions relative to the cranial base at the end of treatment with BAMP were significantly 
correlated to the amount of closure of the gonial angle bilaterally, and changes in the upper 
and lower incisor inclinations. The 3D angular measurements of upper and lower incisor 
inclination relative to the mandibular planes bilaterally showed no significant changes with 
growth and treatment, which differs from 2D findings of treatment with either facemask (56) 
or chin cup (68). 
Significant changes in facial convexity were observed for both hard and soft tissues with 
-4.42° and -7.18° changes for CG-A-Pg and Subn-UL-LL, respectively. The soft tissue 
changes with BAMP reflect truly remarkable changes in the perioral musculature, as 
measured by the angular change in soft tissue facial convexity in this study with a 95% 
confidence interval of -12.5° to -3.63 changes°. One patient presented with 42.1° of change 
in the Subn-UL-LL, and the use of intermaxillary elastics was discontinued at the T2
 
CBCT 
(Figure 4). These findings were in agreement with the results described by Nguyen where the 
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superimposed color maps display forward movement of the upper lip, and often backwards 
movement of the lower lip at the completion of treatment (57). 
Interestingly, this study has shown that no adverse effects on the size of the airway 
occurred with BAMP treatment despite its mandibular restraint effects. In fact, the airway 
volume was significantly increased and was positively correlated with changes in the anterior 
wall of sella to the zygomatic sutures as well as minimum axial area of the airway. Minimum 
axial area of the airway also correlated with AWS-ANS changes. These findings indicate that 
the maxillary protraction with BAMP may enlarge the upper oropharyngeal airway. Airway 
assessments in CBCT need to be interpreted carefully, as definition of airway boundaries, 
respiration phase, and head posture are critical for these assessments. The oral maxillofacial 
radiologist responsible for all image acquisitions in this study strived to control head posture 
and position. 
The factors that affect the marked individual variability observed in the response to 
BAMP treatment in this study remain important clinical questions. The inter-patient 
variability in response to treatment could not be explained by factors such as compliance, 
stage of pubertal growth, loss or loosening of bone anchors, or discontinuation of treatment 
because 1) cooperation was not a problem in this sample, as only intra-oral elastics had to be 
worn; 2) There were no broken appliances or problems with appointments in the sample; 3) 
oral hygiene had no impact on inflammation around bone anchor sites; 4) all patients 
completed their treatment and continued their inter-maxillary traction for at least one year as 
originally determined by the protocol; 5) all patients were treated during their pubertal 
growth spurt.  
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The sample size of 30 subjects allowed us to perform an exploratory cluster analysis to 
evaluate the variability of the craniofacial morphology as described by the 3D landmarks in 
this study; however, the sample size in each cluster is too small to evaluate differences in 
response to treatment. 
The results reported in this study refer to findings at the end of active treatment. While 
these short term results are encouraging, future long-term studies are needed to clarify post-
pubertal stability, particularly for cases who presented with marked mandibular rotations in 
response to treatment. 
 23 
 
 
 
VI CONCLUSIONS 
 
The findings of this three dimensional analysis of BAMP in growing Class III 
patients revealed: 
1) Marked forward growth of the maxilla and zygomas. 
2) Control of mandibular growth with counterclockwise rotation of the angle between the 
mandibular ramus and corpus. 
3) Improvement of both hard and soft tissue convexity. 
4) No restriction of the posterior airway space as a result of mandibular restraint, and a 
significant increase in airway volume. 
 24 
VII. TABLES 
 
Table 1.  Landmark Definitions  
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Table 2.  Linear, Angular, and Airway Definitions  
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Table 3.   Mean, standard deviation, range, and confidence interval for linear, angular, 
and airway changes. The level of significance was set at p < 0.05. 
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Table 4.  Pearson correlation table evaluating correlations between all measurements.  
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VIII. FIGURES 
 
Figure 1.  Identification of ANS landmark in the 3 planes of space. The 3D rendering is 
included for visualization purposes only. 
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Figure 2. Three-dimensional linear measurement example (AWS-ANS) displayed in the 
3D rendering. 
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Figure 3. Three-dimensional angular measurement example (rCo-rGo-Me) displayed in 
the 3D rendering. 
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Figure 4. Measurement of airway volume and minimum axial shown in a patient at the 
end of active treatment. 
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Figure 5. Remarkable changes in soft tissue profile for one patient with 42.1
0
 of changes 
in the Subn-UL-LL angle. This result  is an outlier compared to the  response  of  all 
other patients, but the  improvement of soft  tissue profile  as  measured by changes in 
the Subn-UL-LL angle had a  95% confidence interval of  -12.5
0
 to -3.63
0
 changes.  
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Figure 6. Boxplots of mean linear changes from T1 to T2. 
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Figure 7. Boxplots of mean angular changes from T1 to T2. 
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Figure 8. Exploratory subgroups (clusters) of individual variability in facial 
morphology as determined by the 3D composite of the landmarks included in this 
study. Each color box represents one of the 4 subgroups identified. Note that the 
subgroup in the orange box has only 2 subjects, while one group is much larger with 
15 subjects. For the 3D rendering screenshots capture, head posture was 
standardized for all subjects.   
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